Animal models prepared by treatment with toxic compounds such as a carbon tetrachloride have been used to examine drug disposition in hepatic diseases. However, it is possible that these compounds accumulate and cause damage to other organs as they are administered systemically. In this study, we used the liver surface application technique to deliver a toxic compound to the liver to prepare an appropriate animal model in which only the liver is significantly damaged. To restrict the absorption area in the liver, a cylindrical diffusion cell was attached to the liver surface of male Wistar rats. Twenty-four hours after direct addition of carbon tetrachloride to the diffusion cell, plasma levels of glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT), and hepatic malondialdehyde (MDA) concentration were increased, while there were no changes in plasma creatinine or renal MDA level. On the other hand, not only GOT, GPT and hepatic MDA, but also creatinine and renal MDA levels were markedly increased by p.o. and i.p. administration of carbon tetrachloride, suggesting renal damage. These results indicated that the animal models of liver damage prepared by utilizing drug delivery techniques to accumulate toxic compounds in the liver would enable us to investigate the precise effects of hepatic disorder on drug disposition.
However, there is concern that toxic compounds might accumulate and cause toxic effects in other organs as they are administered systemically. There have been a few reports suggesting renal disorders in these animal models. [6] [7] [8] These findings raise the possibility that the pharmacokinetic results evaluated with these animal models might be affected by factors other than hepatic disorders. Therefore, an appropriate animal model in which only the liver is damaged is required to estimate the precise effects of hepatic disorder on drug disposition. Marked progress has been made in drug delivery techniques, 9, 10) and their utilization for animal model preparation is expected to reduce damage to nontarget organs. However, to date there have been no reports of the application of such methods for this purpose.
In our laboratory, a liver surface application technique was developed for the purpose of drug delivery to the liver. [11] [12] [13] [14] [15] [16] [17] We established an experimental system utilizing a cylindrical diffusion cell attached to the rat liver surface to examine drug absorption from the liver surface without interference by absorption from other sites. The purpose of the present study was to prepare an appropriate animal model of liver damage with the use of this technique. We chose carbon tetrachloride (CCl 4 ) as a model toxic compound because of its wide use. After application of CCl 4 to the rat liver surface, liver and kidney function were evaluated by monitoring several biochemical parameters. In addition, hepatic and renal lipid peroxidation levels induced by liver surface application of CCl 4 were compared with those in rats treated orally or intraperitoneally.
MATERIALS AND METHODS

Materials
CCl 4 was obtained from Nacalai Tesque, Inc. (Kyoto, Japan). 2-Thiobarbituric acid (TBA) was obtained from Merck KGaA (Darmstadt, Germany). 1,1,3,3-Tetraethoxypropane was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals were of reagent grade.
Animals Male Wistar rats (250-290 g) were housed in cages in an air-conditioned room and maintained on a standard laboratory diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and water ad libitum. All experiments in the present study conformed to the Guidelines for Animal Experimentation in Nagasaki University.
Liver Surface Application (LSA) Experimental system for CCl 4 2 ) was attached to the liver surface at the area of the left lateral lobe with a thin film of surgical adhesive (Aron Alpha, Sankyo Co., Ltd., Tokyo, Japan). One milliliter of CCl 4 (LSA group) or saline (sham group) was added directly to the diffusion cell, and treatment was continued for 1 or 2 h. The incision was sutured, and rats were housed in cages in an air-conditioned room with standard rat chow and water ad libitum. Twenty-four hours after administration of CCl 4 , rats were anesthetized with sodium pentobarbital and their body weights were measured. Blood was sampled from the femoral artery and plasma was separated by centrifugation at 15000 rpm for 5 min (M-15-3; Sakuma, Tokyo, Japan). The liver and kidneys were perfused in situ with 50 ml of saline, removed, and their wet weights were measured. P.o. and i.p. Treatments Rats were anesthetized with sodium pentobarbital, and CCl 4 in olive oil was administered orally or intraperitoneally at different doses. Twenty-four hours after administration of CCl 4 , samples of plasma, liver and kidney were prepared according to the procedure described above.
Assay of Plasma GOT, GPT, and Creatinine The plasma activities of glutamic-oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) were determined with biochemical test kits (Wako Pure Chemical Industries, Ltd.) as indices of liver damage. As an index of kidney damage, the plasma concentration of creatinine was measured with a test kit (Wako Pure Chemical Industries, Ltd.).
Assay of Lipid Peroxidation in the Liver and Kidney As an index of lipid peroxidation, malondialdehyde (MDA) levels in the liver and kidney were determined according to the procedures of Uchiyama and Mihara. 18) Briefly, the organs were homogenized with cold 1.15% KCl to make a 10% homogenate. To 0.5 ml of 10% homogenate was added 3 ml of 1% phosphoric acid and 1 ml of 0.67% TBA solution. The mixture was heated for 45 min in a boiling water bath. After cooling, 4 ml of n-butanol was added and mixed vigorously for 15 min. The n-butanol phase was separated by centrifugation at 3500 rpm for 30 min at 4°C (RSL-05A; Sakuma). The MDA level was calculated from the difference in the absorbance at 535 and 520 nm using authentic MDA, prepared by hydrolysis of 1,1,3,3-tetraethoxypropane, as a standard.
Statistical Analysis Statistical analysis was performed by applying the unpaired Student's t-test, with pϽ0.05 considered statistically significant. All results are expressed as mean valuesϮS.E. of at least three experiments. Figure 1 shows GOT and GPT activities in plasma 24 h after administration of CCl 4 . LSA groups exhibited significantly higher GOT and GPT activities than sham groups. Furthermore, these activities increased with application time of CCl 4 . In p.o. and i.p. treatment groups, both GOT and GPT activities were significantly higher than those of normal rats. The enzyme activities of p.o. 100 ml and i.p. 50 ml groups were similar to those of the LSA 2 h group.
RESULTS
Creatinine concentrations in rat plasma at 24 h after administration of CCl 4 are shown in Fig. 2 . At each dose, p.o. and i.p. groups showed significantly higher creatinine levels than the normal group. On the other hand, creatinine levels of LSA groups were not significantly different from those of sham and normal groups.
As an index of lipid peroxidation, MDA levels in the liver and kidney were determined at 24 h after administration of CCl 4 (Figs. 3, 4 ). Since LSA 2 h group exhibited higher GOT and GPT activities and creatinine concentration than LSA 1 h group, the MDA levels of LSA 2 h group were evaluated. Although hepatic MDA level of LSA 2 h group was approximately twofold higher than that of the sham group (Fig. 3) , the renal MDA level was not significantly increased (Fig. 4) . In p.o. and i.p. groups, not only hepatic but also renal MDA levels were significantly higher than those of the normal group.
Liver weights (ratio of wet weights to the body weight) after administration of CCl 4 are shown in Fig. 5 . LSA groups exhibited significant increases in liver weight as compared to the sham groups. Similarly, liver weights of p.o. and i.p. groups were significantly greater than those of normal rats. Kidney weights after treatment with CCl 4 (LSA, p.o. and i.p. groups) were not significantly different from those of sham and normal groups (data not shown). mental models of liver disease such as hepatic cirrhosis and drug-induced hepatopathy. [19] [20] [21] [22] Numerous studies of the mechanisms operative in CCl 4 hepatotoxicity demonstrated that the effect is dependent on the reduction to trichloromethyl radicals catalyzed by cytochrome P-450 (CYP) such as CYP2E1 and CYP2B in the endoplasmic reticulum. [23] [24] [25] The initial events of CCl 4 metabolism evoke a cascade of secondary mechanisms that are responsible for ultimate plasma membrane disruption and cell death.
26)
P.o. and i.p. administration of CCl 4 caused increases not only in GOT and GPT but also in creatinine levels in the rat plasma (Figs. 1, 2) . When CCl 4 is administered systemically, the liver is commonly assumed to be the major target organ due to its high content of CYP. However, CYP2E1 is found in the rat kidney at a level of 5% of that found in the liver. 27) Furthermore, Sanzgiri et al. reported that CCl 4 administered systemically in rats was distributed in the kidney at higher concentrations than in the liver. 28) On the basis of these findings, renal damage caused by systemic administration of CCl 4 is reasonable. Renal damage was supported by the renal elevation of lipid peroxidation levels (Fig. 4) , led by production of trichloromethyl radicals. 25, 26, 29) To prepare an animal model in which only the liver is substantially damaged, liver targeting of CCl 4 was attempted. Previously, we examined the absorption of various model drugs from the liver surface using an experimental system consisting of a cylindrical diffusion cell attached to the rat liver surface. Our results demonstrated that the tested drugs were adequately absorbed from the rat liver surface and efficiently accumulated in the liver. [11] [12] [13] [14] [15] [16] [17] Thus, we made use of this technique as a method of liver targeting of CCl 4 .
After application of CCl 4 to the rat liver surface, plasma activities of GOT and GPT and hepatic lipid peroxidation levels were increased (Figs. 1, 3 ), suggesting hepatic damage. Application of CCl 4 to the liver surface also produced a significant increase in liver weight (Fig. 5) . This was characterized by centrilobular necrosis, ballooning degeneration, fatty deposition in the cytoplasm, and patchy infiltration of inflammatory cells. 30, 31) Although plasma GOT and hepatic lipid peroxidation levels after application of saline to the rat liver surface (sham groups) were significantly higher than those of control (Figs. 1, 3) , application of CCl 4 induced significant increases in all parameters tested as compared to sham groups (Figs. 1, 3, 5) . Thus, the hepatic damage by application of CCl 4 to the rat liver surface was attributed not to the surgical procedure but to the toxicity of CCl 4 . On the other hand, plasma creatinine concentrations and renal lipid peroxidation levels after application of CCl 4 to the rat liver surface were not significantly different from those in the sham and normal groups (Figs. 2, 4) , suggesting that there was no renal damage. These findings indicated the selective accumulation of CCl 4 in the liver by liver surface application, although the biodistribution of CCl 4 was not be evaluated in this study.
In conclusion, the present study provided evidence that p.o. and i.p. administration of CCl 4 impaired not only hepatic but also renal function. This finding suggested that animals treated systemically with CCl 4 would be inadequate as models in which estimate the effects of hepatic disorder on drug disposition. The present study also indicated that application of CCl 4 to the rat liver surface produced hepatic damage without impairing renal function. Currently, we are attempting to evaluate the drug metabolism and disposition in these animal models. Although additional studies are needed, the present findings suggest that it will be possible to investigate the precise effects of hepatic disorder on drug pharmacokinetics in animal models utilizing drug delivery techniques to accumulate toxic compounds in the liver. 
